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[1] A compilation of the apatite and zircon fission
track ages of the Alpine chain points to markedly
different patterns of cooling and exhumation of the
Eastern Alps compared to the central andWestern Alps.
The site of exhumation and shortening in the Western
Alps migrated outward, whereas it was more stationary
in the Eastern Alps, where it created a narrower
metamorphic belt. A correlation of these observations
to the deep structure of the orogen suggests that north
directed, lower crustal wedging induces northward
propagation of the deformation and exhumation front in
the middle and upper crust of the central and Western
Alps. The absence of such lower crustal wedges in the
Eastern Alps does not induce a similar shift of
deformation but rather a long-term localization of
shortening and exhumation in one and the same area,
namely, the axial zone of the orogen. A critical review
of the temporal correlations between inferred changes
in the erosional efficiency of the Alps and tectonic
phases points to a negative correlation, and hence no
erosional control on the shifts of the deformation front
of the Alps. Therefore, we conclude that changes in
the deep structure and rheology of the orogen, instead
of changes in its erosional efficiency, exerted the
prime control on the lateral growth of the Alps.
Citation: Rosenberg, C. L., and A. Berger (2009), On the causes
and modes of exhumation and lateral growth of the Alps,
Tectonics, 28, TC6001, doi:10.1029/2008TC002442.
1. Introduction
[2] Geodynamical models of convergent orogens con-
vincingly show that erosion exerts a major control on the
style of deformation of growing mountain chains [Beaumont
et al., 1992, 2000; Avouac and Burov, 1996; Willett, 1999]
and more importantly on the sites of the long-term localiza-
tion of shortening and exhumation. Fast erosion rates effi-
ciently remove part of the incoming mass that builds the
growing orogen, balancing the addition of new material and
eventually attaining a steady state [Bernet et al., 2001;Willett
and Brandon, 2002]. Under these conditions shortening is
expected to remain localized in the same area. In contrast,
a reduction of the erosional efficiency leads to an increase
of accreted mass in the orogen, resulting in its outward
growth [Willett et al., 2006]. However, lateral growth may
also result from changes in the rheology of the crust and in
particular of the upper plate of convergent systems [Doglioni
et al., 2007]. As predicted by the theory of critical wedges
[Dahlen, 1984], the basal friction of the wedge controls its
taper angle, hence its length. High basal friction promotes
narrower orogens [e.g., Konstantinovskaia and Malavieille,
2005], resulting in similar geometries as those induced by
high erosion rates. The viscosity of the ductile crust and its
coupling to the brittle crust also control the sequence of
thrust nucleation in space and time. Low viscosities may
cause changes from lateral growth during in-sequence thrust-
ing to lateral retreat during out-of-sequence thrusting [Smit et
al., 2003].
[3] The strength of the basal layer in natural accretionary
wedges is controlled by the rock composition, the fluid
content, the temperature and by the strain rate. The latter is
expected to drop after the onset of collision. For example, in
the Alpine orogen, strain rate apparently dropped after the
onset of collision due to decreasing convergence rates
[Schmid et al., 1996; Schmid and Kissling, 2000]. This,
combined with increasing temperature after crustal thick-
ening [e.g., Berger and Bousquet, 2008; Bousquet et al.,
2008] results in decreasing viscosity of the ductile layers,
which likely played a role in increasing the width of the
orogen. As this example indicates, several factors other
than erosion can influence the onset and amount of lateral
growth and it is thus difficult to isolate the specific effect
of varying erosional efficiency.
[4] Attempts to recognize the long-term effects of
changing erosional efficiency on the lateral growth of moun-
tain chains concentrated mainly on the Alps [Schlunegger,
1999; Schlunegger and Willett, 1999; Schlunegger and
Simpson, 2002; Bernet et al., 2001; Kuhlemann et al.,
2006; Cederbom et al., 2004; Willett et al., 2006]. These
investigations attributed lateral shifts in the width of the
orogen to climatically induced variations of erosion rates,
ignoring the possible, coeval effects of changes in the
rheology and in the configuration of the deep crust.
[5] In order to explore the causes of lateral growth of the
Alps, evaluating to which degree surface and/or deep-seated
processes exert the prime control on the width of the orogen,
we attempt to deconvolve the relative roles of these con-
comitant processes in different areas along the length of the
Alps. We first critically review the temporal correlations
between tectonic events, changes in the distance between
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the orogen fronts in different parts of the Alps, and changes
in the erosional efficiency of the Alps. In a second step, we
compare the amount of bulk shortening and the cooling
patterns in the Eastern and central Alps, and relate the
differences in these patterns with the configuration of the
deep crust of the Eastern and the central/Western Alps.
Because the Alps are one of the smallest orogens of the
Earth, they are particularly suited to test the effect of climate-
controlled erosional efficiency on their lateral growth history.
Climatic effects should act on the entire length of such a
small chain, inducing coeval and similar tectonic, hence
exhumational responses in different parts of the orogen. In
contrast, if the orogen fronts and the area of maximum
exhumation are shifted at different times in different parts
of the chain, these shifts may be attributed to local tectonic
events and/or deep-seated structural changes, rather than to
changes of climate and surface processes.
[6] In addition, the Alps are one of the best investigated
orogens, whose surface (Figure 1) and deep structure
(Figure 2) [e.g., Schmid et al., 1996; Pfiffner et al., 2002;
Schmid et al., 2004] and exhumation history [Handy and
Oberha¨nsli, 2004; Vernon et al., 2008;Garzanti and Malusa`,
2008; Luth and Willingshofer, 2008] are well constrained.
The term lateral growth will be used to describe the
foreland- and hinterland-directed migration of the deforma-
tion front, in a direction perpendicular to the longest axis of
the orogen.
2. Absolute Changes of Width of the Alpine
Orogen
[7] A prerequisite for understanding the causes of lateral
growth and/or retreat of the Alps is the estimate of its past
changes in width. We therefore compiled on the basis of
literature data the absolute width of the orogen at three dif-
ferent stages from the Oligocene to the present (Figure 3)
and the changing location of the inferred active fronts of the
orogen for the central and Western Alps during the Tertiary
(Figure 4). These compilations indicate that the absolute
change of width, defined as the distance between the most
external thrusts of the orogen from 32 Ma to the present
was modest, amounting to less than 15%. This value lies
within the error of estimate, hence it is no sound evidence
for a change of width. Uncertainties concerning the dip
angle of the Periadriatic Fault in the Miocene can affect
the amount of horizontal shortening by 10 km. On the other
hand the width of the active orogen, defined as the distance
between the most external active thrusts, did increase in
the early Miocene (Figure 4). This increase started already
in the Oligocene (Figure 4) as also concluded on the basis
of sedimentological findings, suggesting a continuous
growth of thrusts through the Oligocene–early Miocene
interval [Schumacher et al., 1996].
[8] In the late Miocene the active width of the Southern
Alps decreased, as documented by an out-of-sequence phase
of thrusting (Figures 3 and 4, Lecco thrust [Scho¨nborn,
1992]) younger than the Milan Belt (Figures 1, 3, and 4)
[Scho¨nborn, 1992] and older than Messinian [Scho¨nborn,
1992; Schumacher et al., 1996].
[9] A net increase of width can be assessed in the
Western Alps (Figure 2) after 10 Ma [Becker, 2000], when
the deformation front jumped by more than 80 km into the
foreland forming the Jura Mountains (Figure 1). However,
this shift was restricted to the northwestern corner of the
Alpine arc and to the uppermost 5 km of crust, laying above
the basal Jura detachment, which is rooted 100 km farther
south in the basement of the Aar Massif (Figure 1).
Therefore, it is only the deformation front of the decoupled,
uppermost part of the upper crust that is shifted far into the
foreland. The cause of this decoupling and transfer of the
thrust front has been repeatedly attributed to a rheological
factor, namely, the occurrence of thick and weak, anhydrite
layers, which allowed for the localization of shortening
below the present Jura Mountains [Laubscher, 1961; Jordan,
1994; Becker, 2000]. The southern and eastern termination
of the Jura Mountains coincides with the thinning out of
these salt deposits [Jordan, 1994]. Thick-skinned tectonics
in the Jura Mountains, only initiated in the Pliocene [Becker,
2000; Madritsch et al., 2008], suggesting that the most
significant foreland-directed shift of the orogen front, inde-
pendent of preexisting upper crustal weaknesses, first started
in the Pliocene.
3. Timing and Patterns of Exhumation
in the Eastern, Central, and Western Alps
[10] The spatial evolution of exhumation through time is
significantly different in the Western and central Alps,
compared to the Eastern Alps. The Western and central
Alps are characterized by the belt of External Crystalline
Massifs (ECM), which entirely disappears in the Eastern
Alps (Figure 1). These massifs are the expression of a late
(15–2 Ma [Fu¨genschuh and Schmid, 2003]) exhumation of
the lower (European) plate (Figure 2) in an external position,
compared to the earlier, late Oligocene to early Miocene site
of exhumation in the internal Western Alps and in the
Lepontine dome (Figure 1). In the Western Alps this outward
shift of the exhumation front took place in the Miocene,
as shown by the progressive younging of zircon fission
track ages (ZFT) from the axial zone (Periadriatic Fault)
to the ECM (Figure 5a) [Fu¨genschuh and Schmid, 2003]. In
the central Alps (Lepontine) an outward younging of the
zircon fission track ages is not observed, because there the
cooling pattern is affected by a young, high-temperature and
late to posttectonic metamorphic event in the Lepontine
[Wiederkehr et al., 2008]. This event is inferred to have
lasted until 20–18 Ma [Janots et al., 2009], and therefore,
it overprinted a cooling pattern that may eventually have
been more similar to that of the Western Alps. However,
the rates of cooling constrained for the temperature interval
between 600C and surface temperature (Figure 6) indicate
that rapid cooling in the central Alps shifted northward,
from the area bounding the retrowedge (Periadriatic Fault;
Figure 1), to the area bounding the prowedge (Aar Massif;
Figure 1).
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Figure 2. Lithospheric-scale cross sections of the Alps. (a) ECORS-CROP profile, modified after
Schmid et al. [2004] and Burkhard and Sommaruga [1998]. (b) NFP 20 profile, modified after Schmid et
al. [2004]. Numbers in Figures 2b and 2c indicate the amount of Neogene shortening, as discussed in the
text. (c) TRANSALP profile, modified after Schmid et al. [2004]. (d) TRANSALP profile, modified after
the TRANSALP Working Group [2002]. Note the occurrence of an orogen-scale lower crustal wedge in
the central and Western Alps, terminating below the southernmost margin of the external massifs, and
totally lacking in the eastern Alpine cross section.
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[11] The compiled apatite fission track (AFT) ages
(Figure 5a) show that the youngest exhumation (<7 Ma)
is located within an elongate, orogen-parallel belt that coin-
cides with the external part of the ECMs of the Western and
central Alps. AFT ages in the internal massifs are older, with
one exception at the western border of the Lepontine dome,
probably due to young extensional deformation along the
Simplon fault [e.g., Keller et al., 2006] (Figure 5b).
[12] In contrast, in the Eastern Alps the area of enhanced
exhumation remained localized within the axial zone of the
Figure 3. Cross sections showing the reconstructed width of the central Alps in the (a) late Oligocene,
(b) middle Miocene, and (c) at present. The Southern Alps are redrawn after Scho¨nborn [1992], and the
northern part of the section is redrawn after Schmid et al. [1996]. Figure 3b is taken to represent the alpine
width before the Burdigalian onset of thrusting in the Southern Alps. The southern deformation front in
the Southern Alps at 19 Ma corresponds to the southernmost border of thrust system 2 of Scho¨nborn
[1992], inferred to be the first system to develop in the Burdigalian.
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orogen (Tauern Window; Figure 1), as shown by the spatial
coincidence of the youngest ages of both AFT and ZFT,
forming the core of an elongate and concentric pattern of
isocooling ages (Figures 5c and 5d). The FT ages indicate
that this focused exhumation within the present-day Tauern
Window lasted for over 20 Ma, from the Oligocene to the
late Miocene (Figures 5a and 5b) [Luth and Willingshofer,
2008]. This area of enhanced exhumation also coincides
with the hinge of the orogen-scale upright antiform of the
Tauern Window (Figures 1 and 2c) [Lammerer et al., 2008;
Rosenberg et al., 2007], which folds the European basement
with the largest amplitude (approximately 30 km) observed
in any of the cross sections of the Alps (Figure 2).
[13] The distinct style of exhumation in the central and
Eastern Alps is even more pronounced when comparing the
widths of the metamorphic belts exposed at the surface. In
the Eastern Alps the width of this belt is less than half of
that exposed in the central and Western Alps [Bousquet et
al., 2008] (Figure 7), suggesting a much more focused type
of exhumation. These differences are consistent with the
localized deformation into a single, large-amplitude anti-
form (the Tauern Window; Figure 2), instead of a more
distributed, double-dome structure as in the central and
Western Alps (Figures 1 and 2). The latter results from a
two-stage evolution of postcollisional shortening, character-
ized by a first phase of backthrusting and nappe folding in
the axial zone of the chain and a later phase of thrusting in
an external position, leading to the formation of the ECMs.
[14] The FT ages (Figure 5) suggest that cooling, hence
exhumation of the basement in the internal parts of the chain
was coeval with the activity of the most external foreland-
directed thrusts. In the Eastern Alps rapid exhumation
occurred in the Tauern Window from the early to the late
Miocene [Luth and Willingshofer, 2008], during activity of
the Valsugana thrust, which formed the southern front of the
orogen in that time interval. In the central and Western Alps,
the orogen fronts of the Southern Alps were active during
exhumation of the internal massifs, whereas the orogen
Figure 4. Temporal and spatial migration of the active deformation front of the Alps with respect to the
present-day site of the Periadriatic Fault. Gray boxes indicate the time interval and the area affected by
Tertiary tectonic phases. Vertical bars indicate the position of the most external part of thrusts in terms of
their distance to the Periadriatic Fault at the time of activity of the thrust. This distance is calculated on
the base of literature data from Becker [2000], Castellarin and Cantelli [2000], Nivie`re and Winter
[2000], Pfiffner [1986], Pfiffner et al. [2002], Schmid et al. [1996], Scho¨nborn [1992], and Schumacher et
al. [1996]. For a discussion of the tectonic phases mentioned in the diagram the reader is referred to
Schmid et al. [1996]. Horizontal bars and associated curve on the left side show the sediment budgets
after Kuhlemann [2000] in km
3
/Myr.
TC6001 ROSENBERG AND BERGER: LATERAL GROWTH OF THE ALPS
6 of 16
TC6001
Figure 5. Compiled and contoured ages of fission tracks in zircons and apatites. (a) Apatite fission track
ages in the central and Western Alps, redrawn after Fu¨genschuh and Schmid [2003], Keller et al. [2006],
Reinecker et al. [2008], and Vernon et al. [2008]. (b) Zircon fission tracks in the central and Western Alps.
Sources are the same as in Figure 5a. (c) Zircon fission track ages in the EasternAlps. Compiled afterDunkl et
al. [2003], Fodor et al. [2008], Fu¨genschuh et al. [1997], Most [2003], Sto¨ckhert et al. [1999], Viola et al.
[2001], andWo¨lfler et al. [2008]. Ages are normalized to a height of 1000 m on the base of exhumation rates
published and/or calculated from the cited papers. (d) Apatite fission track ages in the EasternAlps. Compiled
afterDunkl et al. [2003],Fodor et al. [2008],Foeken et al. [2007],Fu¨genschuh et al. [1997],Grundmann and
Morteani [1985], Hejl [1998],Most [2003], Staufenberg [1987], Sto¨ckhert et al. [1999], Viola et al. [2001],
andWo¨lfler et al. [2008]. Ages are normalized to a height of 1000m on the base of exhumation rates published
and/or calculated from the papers quoted above.* Color appears in back of the print issue.
*Caption is correct here. The article as originally published appears online.
TC6001 ROSENBERG AND BERGER: LATERAL GROWTH OF THE ALPS
7 of 16
TC6001
front of the Jura Mountains was coeval with exhumation of
the external Massifs.
4. Amount of Neogene Shortening Along
the TRANSALP Section and Comparison
With the NFP 20 Section
[15] The interpretation of the first-order differences in the
temporal evolution of deformation and exhumation between
the Eastern and the Western and central Alps, requires an
estimate of the Neogene amount of shortening in these two
portions of the orogen. If shortening is similar, it cannot be
itself the cause for the different modes of lateral growth and
exhumation. Below, we constrain Neogene N-S shortening in
the Eastern Alps, along the TRANSALP section (Figures 1,
2c, and 2d) based on literature data and own estimates. We
then compare this amount of shortening to the one previ-
ously estimated in the central Alps [Schmid et al., 1996]. We
do not consider the western Alpine profiles for this com-
parison, because the geometry of the south alpine indenter
is different in the Western Alps, resulting in different
amounts of shortening perpendicular to the chain.
[16] In the northernmost part of the TRANSALP section,
shortening is accommodated within the molasse sediments.
Based on cross sections integrating seismic interpretations
and surface geology in the Austrian Molasse basin [Berge
and Veal, 2005, Figure 2] we can constrain at least 9 km of
shortening (Figure 3c; note, however, that shortening may
Figure 5. (continued). Color appears in back of the print issue.
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attain several tens of kilometers (H. Ortner, personal
communication, 2009)). Retrodeformation of the northern
Calcareous Alps along the TRANSALP section (Figure 1)
indicates more than 55 km of post-Eocene N-S shortening
[Behrmann and Tanner, 2006], but only 16 km are inferred
to have taken place during the Neogene [Linzer et al.,
2002, Figure 10].
[17] Taking the TRANSALP cross section of Schmid et
al. [2004] as a base (Figure 2c), 49 km of shortening in the
Tauern Window can be assessed by simple line balancing
of the folded boundary between Penninic and Austroalpine
nappes. This boundary is folded by a crustal-scale, upright
antiform, which is inferred to be Miocene in age, on the
basis of combined structural [Rosenberg and Schneider,
2008] and geochronological data (Figure 5). The original
length of the boundary surface between Austroalpine and
Penninic units is unlikely to have remained constant during
folding. A probable increase of this length during folding
would imply that the shortening values inferred above
bracket a maximum amount of shortening. An additional
problem concerns the estimate of the lateral component
of displacement, perpendicular to the cross section. Rock
fabrics and their interpretation argue in favor of significant
E-Wextension [Behrmann, 1988; Selverstone, 1988], accom-
modating part of the shortening. If this is true, additional
shortening is needed to retrodeform the Tauern antiform.
[18] In the southern Eastern Alps at least 35 km of middle
Miocene to recent shortening are inferred by retrodeforming
the Valsugana and the Montello faults (Figure 1) [Castellarin
Figure 6. Cooling paths in the Southern Steep Belt and
Northern Steep Belt of the central Alps, based on petrological
and geochronological data of Allaz [2008], Janots et al.
[2009], Berger et al. [2009], Hurford [1986], Michalski and
Soom [1990],Rahn [2005],Wagner et al. [1977], andRubatto
et al. [2009]. A, U/Pb monazite and zircon ages; B, Ar/Ar
mica ages; C, zircon FT; D, apatite FT; X, prograde allanite
U/Pb age [Janots et al., 2009]. NSB, Northern Steep Belt;
SSB, Southern Steep Belt.
Figure 7. Cross sections of the central and the Eastern Alps showing the distribution of Tertiary
metamorphic facies. Simplified after Bousquet et al. [2008]. Color appears in back of the print issue.
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and Cantelli, 2000]. However, balancing of cross sections
from the same area, suggested at least 50 km of late Miocene
to present shortening [Scho¨nborn, 1999], consistent with
previous estimates [Doglioni, 1987].
[19] Taken together, the estimates above point to a
Neogene shortening value between 109 and 124 km. On
the basis of the reconstruction of Schmid et al. [1996] the
late Oligocene (32 Ma) to present amount of shortening
along the NFP 20 traverse (central Alps) amounts to a total
of 119 km and half of this shortening took place between
19 Ma and the present. Therefore, the total amount of
Neogene shortening in the Eastern Alps and in the central
Alps appears to be comparable.
5. Inferred Surface Controls on the Lateral
Growth of the Orogen: A Critical Review
[20] The lateral migration of the deformation fronts of the
Alps was suggested to be controlled by variations in the
erosional efficiency, mainly attributed to climate changes
[Schlunegger and Simpson, 2002] and to a minor extent to
the exposure of basement rocks with higher resistance to
erosion [Ku¨hni and Pfiffner, 2001; Schlunegger, 1999;
Schlunegger et al., 2001; Schlunegger and Simpson, 2002].
Variations of erosional efficiency are inferred by quantifying
sediment volumes per time interval that were deposited in
the foreland basins [Schlunegger, 1999; Kuhlemann, 2000].
Climate changes were inferred on the basis of the floral
paleontological record of the sediments [Schlunegger and
Simpson, 2002]. The inferred temporal consistency between
changes in the efficiency of erosion, the inferred climate
change, and the inferred shift of the alpine deformation front,
was used to suggest a climatic control on lateral growth
[Schlunegger and Willett, 1999; Schlunegger and Simpson,
2002] and on lateral retreat [Willett et al., 2006] of the Alps
through time. Two such correlations have been claimed for
the Cenozoic. A first one relates the outward growth of the
Alps into the Jura Mountains to the north and into the
Southern Alps to the south, to a mid-Miocene reduction in
the efficiency of erosion, caused by the transition toward a
more arid climate [Schlunegger and Simpson, 2002]. A
second one relates an increase of erosional efficiency fol-
lowing the Messinian salinity crisis [Kuhlemann, 2000] to
back stepping of the deformation and exhumation fronts
toward the axial part of the chain. This process was inferred
to deactivate the external deformation fronts of the Jura
Mountains and of the Southern Alps [Willett et al., 2006].
We critically discuss the consistency of these two temporal
correlations below.
5.1. Miocene Outward Growth of the Alps
[21] The southward propagation of the Alps into the
Southern Alps was suggested to have occurred at 20–
18 Ma [Schlunegger and Simpson, 2002], and the northward
propagation into the Jura Mountains was suggested to have
occurred at 14 Ma [Schlunegger and Simpson, 2002], but
more likely at 10 Ma (see Becker [2000] for a review). Both
tectonic events were inferred to result from the onset of a
phase of reduced erosion rates [Schlunegger and Simpson,
2002]. However, the timing of these correlations is problem-
atic because the variation of the sediment discharge rates
[Kuhlemann, 2000] (Figure 8), which are used as a proxy for
the erosion rates, lies within the error of estimate from the
late Oligocene to the Messinian (Figure 8). In spite of these
errors and in contrast to model predictions [Schlunegger
and Willett, 1999] the inferred onset of lateral growth at
20–18Ma coincides with a phase of increasing erosion rates,
the highest ones ever attained during the Miocene (Figure 8).
Finally, we emphasize that the timing of initiation of short-
ening in the Southern Alps is poorly defined, due to the lack
of Miocene sediments [Scho¨nborn, 1992; Schumacher et al.,
1996]. Scho¨nborn [1992] and Schumacher et al. [1996]
suggested that it is not older than Miocene, and possibly
Burdigalian (20–16 Ma), but no evidence against an early
Figure 8. Sediment budgets in the foreland basins of the Alps, after Kuhlemann et al. [2002]. Light
gray area is the estimated error referred to the Swiss and Western Alps.
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Miocene age (23–20 Ma) exists. A Burdigalian onset of
thrusting is only based on the indirect and still debated
overprinting relationships between the Insubric and Giudi-
carie faults [Schumacher et al., 1996].
[22] The onset of deformation in the northwestern fore-
land of the Alps, leading to the formation of the Jura
chain in the mid-Miocene, also does not coincide to a spe-
cific reduction in the erosional efficiency. According to
Kuhlemann [2000], sedimentation rates in the central and
Western Alps were relatively small between 15 and 5 Ma,
and within the error of estimate they remained unchanged
(Figure 8). Therefore, the initiation of shortening in the
Jura Mountains took place in the middle of a 10 Ma long
period characterized by low and constant erosion rates
(Figure 8).
5.2. Messinian Back-Stepping of the Deformation Front
[23] The post-Messinian increase in the sediment budget
is well defined (Figure 8) [Kuhlemann, 2000], but the
inferred Messinian termination of tectonic activity in the
foreland of the Alps [Willett et al., 2006] is questionable.
The claimed deactivation of folding and thrusting in the Jura
Mountains before 3.4 Ma [Becker, 2000;Willett et al., 2006]
relies on the finding of ca. 3 Ma old micromammals in an
undeformed karst fissure within the steep limb of an antiform
[Bolliger et al., 1993]. The tectonic significance of these
paleontological findings is probably overinterpreted for the
following reasons.
[24] 1. The 3 Ma old fauna fills a fissure of only 2 m
length [Bolliger et al., 1993, Figure 2]. Given the highly
localized type of deformation in the Jura Mountains and the
lack of thickness changes of the beds during deformation
[e.g., Burkhard and Sommaruga, 1998], it would be an
amazing coincidence if this small fissure had been internally
deformed.
[25] 2. The latter fissure is located in the Val-de-Ruz
syncline, which is in an internal (southern) position within
the Jura chain (black star in Figure 1). Considering that the
Jura Mountains probably form an in-sequence thrust and
fold belt [Nivie`re and Winter, 2000], the termination of
deformation can only be defined along the external folds
and thrusts, not along the internal ones.
[26] 3. Irrespective of the 3 Ma old fissure mentioned
above, there is good evidence for a continued formation of
new thrusts and folds during the Pliocene and Pleistocene
[Jouanne et al., 1998; Nivie`re and Winter, 2000; Giamboni
et al., 2004], which shifted the deformation front approxi-
mately 30 km farther north, directly south of Mulhouse
[Nivie`re and Winter, 2000] (Figure 1), and 20 km farther
west in the Chaines Subalpines [Lickorish and Ford, 1998].
Although the interpretation of GPS data only indicates small
amounts of convergence [Walpersdorf et al., 2006], neo-
tectonic structures and seismicity pointing to recent short-
ening do occur [Philippe et al., 1996; Thouvenot et al.,
1998; Becker, 2000; Lacombe and Mouthereau, 2002;
Giamboni et al., 2004].
[27] 4. Seismic interpretations point to a change from
thin-skinned to thick-skinned tectonics in the Jura Moun-
tains after 3 Ma [Becker, 2000; Lacombe and Mouthereau,
2002; Ustaszewski and Schmid, 2007], not to a termination
of tectonic activity. Therefore, we conclude that at no time
did the deformation front step back from the Jura Mountains
toward a more internal position into the Alpine chain.
[28] The Messinian deactivation of the south Alpine
thrusts [Pieri and Groppi, 1981; Scho¨nborn, 1992] was
inferred to mark the transition from southward directed
growth of the Southern Alps to northward directed retreat,
toward the orogen interior [Willett et al., 2006]. However,
several observations suggest that the active deformation
front of the Southern Alps continued to migrate southward
after the Messinian. In the eastern Southern Alps (Figure 1)
N-S shortening is well documented from the Miocene,
through the Pliocene [Castellarin and Vai, 1981; Castellarin
and Cantelli, 2000], and to the present [Benedetti et al.,
2000], forming an in-sequence thrust-and-fold belt, which is
translated by more than 20 km into the hinterland after the
Messinian (Montello thrust in Figure 1 [Castellarin and
Cantelli, 2000]). Even in the western Southern Alps, N-S
shortening did not step back into the core of the orogen, but
migrated to an even more external position, namely, within
the Padan Front Thrust [Piana, 2000] (Figure 1). This shift
of the deformation front into the Apennines is due to a
major plate rearrangement [Laubscher, 2001]. As illustrated
in map view (Figure 1), the Apennines are very close to the
western Southern Alps, but their distance to the Alps
progressively increases eastward. Therefore, the observed
post-Messinian shift of N-S shortening from the Alps to the
Apennines in the west, and the prolonged shortening of the
Southern Alps in post-Messinian time farther east, are not
surprising and should be regarded as the result of continu-
ous, post-Messinian incorporation of the southern foreland
into the orogen.
6. Discussion
6.1. Deep-Seated, Structural Controls on the Lateral
Growth and Exhumation of the Alpine Orogen
[29] The interpretation of seismic sections shows some
significant differences in the lower crustal structure of the
Western and central Alps, compared to the Eastern Alps.
[e.g., Kissling et al., 2006]. All cross sections of the central
and Western Alps (Figure 2, and additional sections in the
works by Schmid et al. [2004] and Kissling et al. [2006])
are characterized by a lower crustal wedge, defined by
higher seismic velocities [Schmid et al., 1996; Schmid and
Kissling, 2000; Kissling et al., 2006] (Figure 2), interpreted
as overthrust, hence doubled lower crust, accommodating
up to 60 km of shortening. The northern termination of
these wedges coincides with the projection of frontal thrusts
of the ECMs at depth (Figure 2). In the Western Alps the
lower crustal wedge consists of European crust, in the
central Alps of Adriatic crust (Figures 2a and 2b), but their
geometries and structural positions are similar [Schmid et
al., 2004, Figure 3]. We therefore expect these wedges to
cause analogous mechanical effects on the lower plate of
the orogen. In the Eastern Alps (see Figure 2c and Schmid et
al. [2004] for additional cross sections), the deep structure of
the orogen is different. No lower crustal wedge (Figure 2c)
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[Schmid et al., 2004; Bleibinhaus and Gebrande, 2006;
Kissling et al., 2006] is observed to override the lower
crust of the lower plate of the orogen. Alternative inter-
pretations do show an incipient lower crustal Adriatic
wedge (Figure 2d) [TRANSALP Working Group, 2002;
Lu¨schen et al., 2004], the geometry of which, however,
significantly differs from that of the lower crustal wedges
of the Western Alps. First, the inferred Adriatic wedge in the
Eastern Alps terminates at the southern boundary of the
Tauern Window [Lu¨schen et al., 2004], hence in a much
more internal position than in the Western Alps. Second, the
inferred basal detachment of the incipient lower crustal
wedge is much steeper than in the Western Alps, resulting
in the overthrusting of the upper instead of the lower
European crust (Figure 2d). Whatever interpretation is fa-
vored, no significant doubling of the lower crust and no
significant northward displacement of the lower crust can be
inferred in the Eastern Alps.
[30] Summarizing the observations above, two major
differences characterize the orogen-scale cross sections
and the exhumation of the Western and central Alps and
of the Eastern Alps [Schmid et al., 2004] (Figure 2). First, in
the central and Western Alps, shortening of the European
basement is distributed both in the axial zone (Lepontine
dome; Figure 1) and in the ECMs (Figures 1 and 2). This
distributed type of deformation and exhumation goes
together with lower crustal thrusting, displacing the defor-
mation front of the European basement from the Periadriatic
Fault (Figure 1) to the ECMs. In contrast, in the Eastern
Alps, where northward thrusting of a lower crustal wedge
is not observed, or only of subordinate importance, the
bulk shortening of the European basement concentrated in
the axial zone of the orogen, leading to the high-amplitude,
upright folds of the Tauern Window and to a long-term
localization of exhumation in one and the same area.
[31] These differences in the lower crustal geometry
correlate with the differences in the patterns of surface
deformation and cooling. The northward displacement of
up to 60 km inferred for the lower crustal wedges in the
central and Eastern Alps explains the Miocene shift of the
exhumation and deformation front toward the northern
foreland of the orogen. This leads to a broader exposure
of metamorphic rocks (Figure 7) [Bousquet et al., 2008]. In
contrast, the absence of a northward directed lower crustal
wedge in the Eastern Alps (Figures 2 and 9) allowed for a
more stationary type of deformation and exhumation in the
immediate vicinity of the retrowedge.
[32] Alternatively deep-seated rheological differences
may be advocated to explain a focused mode of deformation
and exhumation in the Eastern Alps in contrast to a more
distributed one in the central Alps. Strong brittle-ductile
coupling, i.e., higher viscosity of the ductile crust, induces a
more distributed type of deformation [Schueller et al.,
2005]. However, on the basis of metamorphic investigations
there is no reason to assume higher temperatures, and hence,
lower viscosity of the Miocene ductile crust in the Eastern
Alps compared to the central Alps.
[33] Irrespective of the absolute rates of erosion and their
changes through time, the reconstructed cross section of
the Eastern Alps along the TRANSALP seismic profile
Figure 9. Schematic cross sections illustrating the differences in the style of deformation and
exhumation of the Eastern Alps and the central Alps as a function of the difference in the structure of the
lower crust. Hatched areas show the extent of the metamorphic belts.
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(Figure 2c) testifies that erosion was sufficiently efficient
to remove the material from the hinge of a crustal-scale
antiform, hence allowing the European basement to cumu-
latively thicken by a factor of three (Figure 2c) throughout
the Cenozoic time. We emphasize that the occurrence of
low-angle normal faults in this area [Behrmann, 1988;
Selverstone, 1988] does not modify the latter interpreta-
tion. Irrespective of a component of orogen-parallel exten-
sion, the antiform of the western Tauern Window (Figure 2c)
forms the thickest stack of European basement observed in
the Alps, and the most convincing example of enhanced
exhumation in one and the same place throughout the
Neogene (Figures 5c and 5d). Retrodeformation of the
orogen-parallel component of extension would result in an
even more dramatic thickening of this crust.
6.2. Did Climatic/Erosional Changes Control
the Lateral Growth of the Alps?
[34] As discussed above, the expected temporal correla-
tions between changes in erosional efficiency and lateral
shifts of the deformation fronts cannot be assessed in the
Alps (Figure 4). The most dramatic increase of sediment
discharge rates is the post-Messinian one (Figure 8) and the
most dramatic increase of width of the Alps corresponds to
the formation of the Jura Mountains (Figure 1) at 10 Ma.
Hence, these two events are the most critical ones to assess
the relationship between erosional efficiency and lateral
growth of the orogen. The initiation of the Jura Mountains
does not correspond to a specific change in the sediment
discharge rates. In contrast, this phase of lateral growth
initiated in the middle of a long interval of low, but constant
sediment discharge rates (Figure 8) [Kuhlemann, 2000],
which started at least 5 Ma before the formation of the Jura
Mountains. Therefore, there is no specific temporal link
between these processes. On the other hand, there is also a
lack of evidence for a reduction of the width of the
deforming Alpine Chain after the Messinian. Deformation
continued to migrate outward, both to the north and to the
south in spite of a dramatic increase of sediment discharge
after 4 Ma [Kuhlemann, 2000] (Figures 4 and 8). The
southern deformation front migrated from the alpine Milan
Belt into the Appenninic Padan Front Thrust [Piana, 2000]
(Figure 1) in the western Southern Alps and to the Montello
thrust in the eastern Southern Alps (Figure 1) [Benedetti et
al., 2000]. The northern front migrated from the Jura
Mountains into the Rhine and Bresse grabens [Nivie`re
and Winter, 2000; Giamboni et al., 2004; Madritsch et
al., 2008]. On the base of seismic interpretation [Becker,
2000; Lacombe and Mouthereau, 2002] and tectonic and
geomorphic interpretations [Madritsch et al., 2008] this shift
was associated to a transition from thin-skinned to thick-
skinned tectonics. Therefore, the most significant shift of the
deep-seated, thick-skinned site of deformation took place in
the Pliocene [Madritsch et al., 2008], displacing the deep-
seated Alpine front bymore than 100 km toward the foreland,
during a dramatic increase of erosional efficiency.
[35] The lower middle Miocene, which is inferred to mark
the onset of decreasing erosional efficiency (Figure 8)
[Kuhlemann, 2000] does coincide to a phase of increasing
width of the orogen (Figure 4), but this phase started already
in the late Oligocene, as the erosional efficiency of the
orogen was about to attain a maximum (Figures 4 and 8).
In addition, the South Alpine deformation front stepped
back into the Lecco out-of-sequence thrust in the late
Miocene, during a period of inferred constant and low
erosional efficiency (Figures 4 and 8). These relationships
between the inferred shifts of the orogen front and the
erosional efficiency contradict the expected control exerted
by erosion on the width of orogens [e.g., Beaumont et al.,
1992], suggesting that other processes must have exerted the
prime control the site of the active front.
6.3. Comparison Between Erosional Efficiency
and Exhumation in the Eastern and Central Alps
[36] The first-order trend of the sediment discharge rates
of the Western and central Alps and of the Eastern Alps are
similar (Figure 8) [Kuhlemann et al., 2002], characterized
by increasing rates from 35 Ma to 17 Ma [Kuhlemann,
2000] (Figure 8). This increase is followed by a decrease
from 17 to 4–6 Ma, i.e., until the Messinian, which marks
the initiation of a new and dramatic increase of sediment
discharge rates until the present.
[37] Given the similar trend in the sediment budgets of
the Western, central, and Eastern Alps, a similar and coeval
trend in the lateral shift of the exhumation fronts of these
parts of the Alpine chain could be expected. However, as
discussed above the modes of exhumation of the Eastern
and central/Western Alps are different, suggesting that
erosion was not the controlling factor. In the Eastern Alps
the axial zone of the chain (Tauern Window) remains the
prime site of shortening and exhumation from the late
Oligocene to the present (Figure 5). The youngest apatite
ages occur along an elongate area corresponding to the long
axis of the Tauern Window (Figures 1, 5c, and 5d) and this
area is identical with the one defined by the youngest zircon
ages. This indicates that the site of enhanced exhumation
in the Eastern Alps remained nearly unchanged throughout
the Miocene (Figure 2).
[38] In contrast, in the Western/central Alps the youngest
FT ages in apatite (2 to 5 Ma, but mostly around 5 Ma) are
located along the northern margin of the external massifs
and immediately north of them (Figure 5a), whereas the axial
zone of the orogen is characterized by older ages clustering
around 8 to 9Ma in the Lepontine and between 23 and 15Ma
in the internal Western Alps (Figure 5a). The only exception
to this trend is observed in the footwall of the Simplon normal
fault and at the eastern boundary of the Lepontine (Figures 1
and 5b), where young ages occur, probably due to late
Miocene–Pliocene extensional activity. The shift of the
exhumation front from the Lepontine to the northern margin
of the external massifs (Figure 5b) leads to a much wider
zone of exposure of Tertiary metamorphic rocks (Figure 7)
[Bousquet et al., 2008] compared to the Eastern Alps.
7. Conclusions
[39] The migration of the deformation fronts into the
foreland of the Alps is not temporally correlated to specific
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changes in the sediment discharge rates of the orogen. On
the other hand, marked changes of sediment budgets in the
Perialpine basins are not correlated to specific growth or
retreat phases of the orogen fronts, suggesting that erosional
efficiency did not play a controlling role in initiating phases
of lateral growth and lateral retreat of the orogen. The lack
of these temporal/spatial correlations in the Tertiary Alpine
Chain is in contrast to the results of numerical models
showing a strong control of erosion on the evolving orogen
width [Willett, 1999; Beaumont et al., 2000]. Different
factors may explain this discrepancy. One possibility may
be that an existent correlation between changes of erosional
efficiency and changes of width of the Alps are masked by
the still insufficient temporal constraints on the timing of
lateral growth, especially in the western Southern Alps, and
the poor temporal and volumetric constraints on the sedi-
ment budgets of the Perialpine basins. Alternatively, deep-
seated processes had a stronger and controlling effect on the
width of the orogen, compared to surface processes. Be-
cause there is no geologic evidence supporting lower
viscosity of the ductile crust in the Eastern Alps, compared
to the central Alps the more likely cause for the different
styles of exhumation resides in the lower crustal configu-
ration. The occurrence of lower crustal wedges overthrust-
ing the lower plate of the orogen in all Alpine sections
containing the external crystalline massifs, and the more
distributed type of exhumation in these sections compared
to the focused, long-term localized exhumation in sections
lacking a lower crustal wedge, point to a causal relation-
ship between deep crustal tectonics and exhumation style.
The relative northward displacement of lower crustal
wedges in the Western and central Alps probably caused
the outward shift of the deformation and exhumation
fronts, whereas the absence of such a wedge in the Eastern
Alps resulted in a more stationary, localized type of
deformation and exhumation. The spatial evolution of
the site of maximum exhumation may be different from
that of the deformation fronts, but erosional changes are
expected to affect the shifts of the sites of maximum short-
ening, which do coincide with those of maximum exhuma-
tion in the collisional history of the Alps. Therefore, the
outward migration of exhumation in the central and Western
Alps as opposed to the stationary exhumation of the Eastern
Alps contradict the idea of a primary climatic control on the
growth of the Alpine chain. Climatic changes, and the
associated variations in erosional efficiency would act on a
scale at least as large as that of the Alpine chain, inducing
similar erosional and tectonic responses in the entire orogen.
No climatic barrier between the Eastern and the central Alps
is known to exist in the present, neither to have existed in the
past. The relative changes in the sediment discharge rates in
the Eastern and Western/central Alps are nearly coeval, but
the timing, the mode of exhumation and the propagation of
the deformation fronts are different in these two parts of the
orogen. Therefore, the effects of climatic and erosional
changes, which certainly influence the width of orogens,
may not have been sufficiently intense to cause lateral growth
and/or retreat of the Alps. Changes in the deep structure of the
orogen appear to have had the prime control on the lateral
migration of the exhumation fronts.
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Figure 5. Compiled and contoured ages of fission tracks in zircons and apatites. (a) Apatite fission track
ages in the central and Western Alps, redrawn after Fu¨genschuh and Schmid [2003], Keller et al. [2006],
Reinecker et al. [2008], and Vernon et al. [2008]. (b) Zircon fission tracks in the central and Western
Alps. Sources are the same as in Figure 5a. (c) Zircon fission track ages in the Eastern Alps. Compiled
after Dunkl et al. [2003], Fodor et al. [2008], Fu¨genschuh et al. [1997], Most [2003], Sto¨ckhert et al.
[1999], Viola et al. [2001], and Wo¨lfler et al. [2008]. Ages are normalized to a height of 1000 m on the
base of exhumation rates published and/or calculated from the cited papers. (d) Apatite fission track ages
in the Eastern Alps. Compiled after Dunkl et al. [2003], Fodor et al. [2008], Foeken et al. [2007],
Fu¨genschuh et al. [1997], Grundmann and Morteani [1985], Hejl [1998], Most [2003], Staufenberg
[1987], Sto¨ckhert et al. [1999], Viola et al. [2001], andWo¨lfler et al. [2008]. Ages are normalized to a height
of 1000 m on the base of exhumation rates published and/or calculated from the papers quoted above.*
*Caption is correct here. The article as originally published appears online.
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Figure 5. (continued)
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Figure 7. Cross sections of the central and the Eastern Alps showing the distribution of Tertiary
metamorphic facies. Simplified after Bousquet et al. [2008].
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